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Southern Appalachian spruce-fir forests are the southernmost locations of spruce-
fir forests of eastern North America. [19]. They a.re biologically unique [19] a.nd a.s a. 
forest type a.t high elevation with low species diversity they a.re especially vulnerable 
to disturbances. One of the two dominants, fraser fir (Abies fraseri (Pursh.) Poir. ), 
endemic to the southern Appalachians, has been severely damaged by a.n exotic 
insect [6]. Extensive studies have documented reduced ra.dia.l growth and increased 
mortality of red spruce (Picea rubens Sa.rg.) in recent decades [1,15,16,17]. Air 
pollution is suspected as one of the causes of the growth decline of red spruce 
[11,19]. 
No study has yet been conducted to describe the pattern of growth by which 
young red spruce trees get into the canopy. This information is basic to an under-
standing of the growth of red spruce populations and the effects of human distur-
bances upon them. 
The growth pattern of red spruce populations, the pattern of growth by which 
young red spruce trees reach the canopy, may be described in terms of periods of 
suppression and release young trees undergo [4]. The growth pattern of young red 
spruce has three possible modes. Young trees may slowly grow into the canopy in the 
absence of canopy gaps. Young trees may persist under a. closed canopy until canopy 
gaps are created by the death of canopy trees, then they reach the canopy in a single 
period of release. The third mode is similar to the second except that young trees 
cannot reach the canopy in a single period of release. Instead, they undergo several 
periods of release and suppression before reaching the canopy. Because red spruce 
is a shade-tolerant slow-growing tree species [7,12,14] and because small canopy 
gaps are the most important and widely distributed form of natural disturbance 
in spruce-fir forests in the Great Smoky Mountains National Park [2,18], the third 
mode is most likely to predominate [18]. 
1 
It is of interest to compare the "normal" or historical growth pattern with the 
contemporary partial growth pattern of red spruce populations. The historical 
growth pattern can be determined by tree ring analysis of the canopy population. 
The contemporary partial growth pattern can be determined by tree ring analysis _ 
of the noncanopy population. The contemporary growth pattern is only a partial or 
incomplete growth pattern because this population has not yet reached the canopy. 
Any differences between comparable portions of the two growth patterns may reflect 
the environmental changes in the recent decades. 
1.1 Study area 
Two stands were located along Noland Divide Trail within the spruce-fir forest 
zone in the Great Smoky Mountains National Park, between 1620 m and 1700 m 
in elevation. Both stands are old-growth, and dominated by red spruce. Stand I is 
on a south-facing slope. The point on the trail nearest (about 75 m) to the center 
of stand I is about 260 meters east of the metal observation tower along the trail. 
Stand II is on a north-facing slope. The point on the trail nearest (about 120 m) 
to the center of stand II is about 425 meters east of the tower along the trail. 
1.2 Objectives 
The objectives of this study are: 
• To determine the growth pattern of red spruce populations by analyzing the 
tree ring series of canopy populations. 
• To compare the growth patterns of red spruce populations on south and north 
facing slopes. 





2.1 Stand composition and structure 
In each stand, a 10 m x 50 m transect was established perpendicular to the ridge 
and crossing the center of the stand. Within each transect, trees of all species with 
diameter at breast height ( dbh) of 3 em or greater were tallied. Species, location 
and dbh were determined for each individual. 
2. 2 Increment cores 
Two increment cores were extracted at breast height from each of 50 young trees 
(29 in stand I and 21 in stand II) satisfying the following criteria: 
1. 6 em or greater in dbh and not in the canopy. 
2. of normal growth form. 
One core was taken in the direction perpendicular to the contour on the uphill 
side of each tree. Another core was taken in a direction parallel to the contour. 
Dbh of each young tree was determined. The degree of exposure of each young tree 
to sunlight was also recorded using the following scale: 
1: no exposure, 
II: exposure < 35%, 
III: 35% ::; exposure ::; 80% and the canopy openmg is not to the 
southeast of the young tree, 
IV: 35% ::; exposure ::; 80% and the canopy opening is to the southeast 
of the young tree, and 
V : exposure> 80%. 
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Two increment cores were extracted and dbh was determined for each of 4 7 
canopy spruce trees (25 in stand I and 22 in stand II) satisfying the following 
criteria: 
1. 70 em or less in dbh and in the canopy. 
2. of normal growth form (not bent, twisted or hollow). 
2.3 M easurement of increment cores 
' A microcomputer based tree ring measuring system [13] was used to determine 
the annual radial increment of grmvth by tree age (number of annual rings at breast 




The data consist of approximately 35,000 observations. Most analyses were 
conducted using a series of SAS programs on the VAXcluster at the University of 
Tennessee Computing Center. Due to the complexity of the recognit ion process, the 
classification of suppression and release periods was conducted using a FORTRAN 
program. 
Tree ring series were not cross-dated. Although this is an important step in 
other analyses, this should not significantly affect the calculation of suppression 
and release periods [4). 
All statistical tests used are F tests because most of them have unbalanced data. 
The level of significance used is 0.05. 
3.1 Stand composition and structure 
Density, dominance, frequency and importance values of all tree species were 
calculated for each stand. Density units are number of individuals per square meter 
of sampled area. Dominance units are square centimeters of basal area per square 
meter of sampled area. Frequency was calculated by dividing the transect into ten 
10 m x 5 m plots. The importance value is the average of relative density, relative 
dominance and relative frequency [5] . 
3.2 Tree growth 
Growth of red spruce trees is described in terms of annual increments of radial 
growth (a.i.r.g. ), number of annual rings at breast height (n.a.r.b.h.) and cumulative 
annual increments of radial growth (c.a.i.r .g.). Growth of red spruce trees was 
compared between two stands, in two directions at which the cores were extracted, 
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and in canopy and noncanopy populations. Relationships between dbh and age 
were obtained by regression analysis. 
3.3 Growth patterns of red spruce populations 
Growth patterns of red spruce populations in the two stands were obtained by 
analyzing the tree ring series of canopy trees sampled through procedures described 
in following subsections. 
3.3.1 Growth threshold 
A growth threshold value (threshold) was needed to classify every a.i.r.g. as 
being either a year of suppressed or a year of released growth. Average values of 
the a.i.r.g. of noncanopy trees experiencing different exposure levels, and combi-
nations of exposure levels over the last three and five years were calculated (Table 
3.1 ). Young trees experiencing exposure levels III to V were considered to be in an 
environment conducive to released growth. The average a.i.r.g. of all young trees 
was similar to that of the young trees experiencing exposure level III. Based on the 
above information, 0.45 mm was selected as the threshold value. The selection of a 
threshold was somewhat arbitrary. 
Table 3.1: Average annual increment of radial growth (mm) of noncanopy trees 
during the last 3 and 5 years 
Exposure level I II III IV v 
0.300 0.282 0.437 0.715 0.608 
Mean annual increment of radial 0.290 0.548 
growth of the last 3 years (mm) 0.326 0.650 
0.443 
0.310 0.275 0.442 0.740 0.627 
Mep,n annual increment of radial 0.289 0.600 
growth of the last 5 years ( mm) 0.328 0.671 
0.451 
There were some distinct suppression periods with extremely slow growth in 
many tree ring series sampled. A threshold of 0.20 mm was used to conduct addi-
tional analyses of the patterns associated with these severe suppressions. 
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Another threshold, 0.70 mm, was also used to analyze the growth pattern with 
a higher requirement for release events in contrast to that using a threshold of 0.20. 
But with this threshold, about 35% of the canopy trees would be classified as being 
currently in suppression periods. This is intuitively illogical unless environmental 
stress is severe. Accordingly the speculative threshold of 0. 70 mm was abandoned. 
3.3.2 Suppression and release periods 
An annual radial increment is classified as a year of suppressed growth if it is 
less than or equal to the threshold value. An annual radial increment is classified 
as a year of released growth if it is greater than the threshold value. 
A suppression period is a period of growth that satisfies the following criteria: 
1. The period begins and ends with a suppressed year; 
2. In the period, there is a five year series which has at least four years of 
suppressed growth; 
3. There are no three consecutive years of released growth in the period. 
After all suppression periods in a tree ring series are classified, the remaining periods 
with a length of three years or more are considered as release periods. 
3.3.3 Growth pattern description 
The growth patterns of red spruce populations are described by the following 
parameters: 
1. the average number of suppression/release periods. 
2. the average duration of suppression/release periods. 
3. the average a.i.r.g. in suppression/release periods. 
4. the average c.a.i.r .g. in suppression/release periods. 
3.4 Comparison of the growth patterns of canopy 
and noncanopy populations 
The growth pattern obtained from the canopy trees is complete in terms of 
representing the eventual canopy population. It reflects the past experiences of 
those young trees which eventually got into the canopy. In contrast , the growth 
pattern obtained from the noncanopy trees is incomplete. There will be additional 
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suppression and release periods by the time these young trees get into the canopy. A 
certain percent of these young trees will never get into the canopy due to mortality, 
therefore their experiences will not directly contribute to the growth pattern of 
the future canopy population. Some adjustment of the data is necessary to make 
reasonable comparisons between the complete growth pattern of canopy population 
and the incomplete growth pattern of noncanopy population. 
3.4.1 Adjustment of canopy and noncanopy data 
Adjustment of canopy data set 
Since the complete pattern of the noncanopy population can not be obtained, 
an approximate equivalent incomplete pattern of the canopy population was used 
for the comparison. The average c.a.i .r.g. of the noncanopy population was used to 
adjust the data of canopy population. The portion of each canopy tree ring series 
beyond the average c.a.i.r.g. of the noncanopy population was excluded from the 
canopy data set. 
A djustment of noncanopy data set 
Based on a size structured life table of a red spruce population in a nearby re-
search site [3], the estimated mortality of red spruce populations during the period 
that spruce trees grow from the average dbh of the noncanopy population to the 
average dbh of the canopy population is approxima.tly 44%. Noncanopy trees lost 
to the 44% mortality are assumed to be those noncanopy trees with greatest sup-
pression of growth. Degree of growth suppression was estimated by use of a growth 
suppression index (Is): 
Is= (Nsup/Nmax)(Ssup/(Stot)(Dsup/Dtot) 
where Nsup is the number of suppression periods in the tree ring series; 
Nmax is the maximum number of suppression periods in a tree ring series 
in the stand; Ssup and Dsup are the sum of c.a.i.r.g. and the sum of 
durations of the suppression periods in the tree ring series, respectively; 
and Stat and Dtat are the c.a.i.r.g. and the n.a . r~b.h. of the whole tree 
ring series, respectively. 
Forty four percent of the non canopy tree ring series which had the highest growth 
suppression index values were excluded from the noncanopy data set. 
3.4.2 Comparison of gr owth patterns · based on adjusted 
data 
Growth patterns based on the adjusted data sets representing canopy and non-
canopy · populations were compared in terms of the average number of suppres-
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sian/release periods, the average duration of suppression/release periods, the aver-




4.1 Stand composition and structure 
Red spruce is dominant in both stand I and stand II. Red spruce has a much 
higher dominance value in stand I than in stand II. Its importance value is lower in 
stand I because it has a lower frequency and other tree species have higher densities , 
dominance value and frequencies in stand I than in stand II (Tables 4.1 and 4.2). 
The low importance value of fir reflects recent mortality attributed to an exotic 
insect [6]. 
4.2 Tree growth 
Average values and ranges of a.i.r.g., n.a.r.b.h. and c.a.i.r.g. of noncanopy and 
canopy red spruce populations in different stands are shown in Table 4.3. 
4.2.1 Stand I vs. stand II 
Canopy populations have about the same a.i.r.g. in the two stands, but the 
n.a.r.b.h. and c.a.i .r .g. of the canopy population in stand I are significantly greater 
than those in stand II (Table 4.4). The noncanopy population in stand I has a 
greater a.i.r.g. but a smaller ring number. The c.a.i.r.g. of noncanopy populations 
in the two stands is not significantly different (Table 4.4). 'When canopy and non-
canopy data are pooled together, the a.i.r .g.· in stand I is significantly greater than 
that in stand II. Using pooled data, the n.a.r.b.h. and c.a.i.r.g. are similar in the 
two stands (Table 4.5). 
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Table 4.1: Composition and structure of stand I 
Species 

































Table 4.2: Composition and structure of stand II 
Density Relative Domin. Relative Freq. Relative 
Species #/m2 Density cm2/m2 Domin. Freq. 
Picea ru hens 0.066 84.615 57.231 93.432 1.000 66.667 
Betula alleghaniensis 0.002 2.564 3.849 6.283 0.100 6.667 
Acer spicatum 0.006 7.692 0.104 0.171 0.200 13.333 













Table 4.3: Growth of red spruce populations 
A.i.r.g. (mm) N.a.r.b.h. C.a.i.r.g. (mm) 
Mean Min Max Mean Min Max Mean Min Max 
All 0.841 0.019 5.944 179.0 55 370 150.5 23.2 346.1 
Noncnp. 0.531 0.024 4.153 135.9 55 233 72.2 23.2 173.4 
Canopy 1.040 0.019 5.944 224.8 119 370 223.7 152.2 346.1 
Stand I 0.857 0.019 4.890 177.2 55 330 151.9 23.2 346.1 
Stand II 0.820 0.032 5.944 181.2 63 370 148.6 25.3 331.9 
Stand I Noncnp. 0.550 0.024 4.153 125.3 55 233 68.9 23.2 173.4 
Canopy 1.045 0.019 4.890 237.4 170 330 248.2 160.1 346.1 
Stand II Noncnp. 0.510 0.032 3.540 150.5 63 213 76.7 25.3 122.9 
Canopy 1.033 0.039 5.944 210.4 119 370 217.3 152.2 331.9 
Note: "a.i.r.g." = annual increment of radial growth ; "n .a.r.b.h." = number of annual rings at 
breast height; and "c.a.i.r .g." =cumulative a.i .r.g .. 















Non canopy trees 















Note: "a.i.r .g." = annual increment of radial growth; "n.a.r .b.h." = number of annual rings at breast 
height; "c.a.i.r.g." = cumulative a.i.r.g.; "~" = not significantly different; "<" = significantly less 
than; and ">" = significantly greater than . 
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Note: "a.i. r.g ." = annual increment ofradial growth; "n.a.r.b .h." =number of annual rings at breast 
height; "c.a.i. r.g." = cumulative a.i .r.g.; ",,,'' =not significantly different ; and ">" =significantly 
greater than. 
4.2.2 Parallel vs. perpendicular to the contour 
The average a.i.r.g. based upon cores taken in the direction perpendicular to 
the contour (uphill side) is significantly greater than that derived from cores taken 
in the direction parallel to the contour. This is true for both stands and for both 
canopy and nonca.nopy populations (Table 4.6). There is no significant difference in 
n.a.r. b.h. and c.a.i.r.g. between the tree ring series collected from the two directions. 
4.2.3 Canopy population vs. noncanopy population 
The a.i .r.g., n.a.r.b.h. and c.a.i.r.g. of canopy populations are all significantly 
greater than those of noncanopy populations in both stands and regardless of the 
direction of core extraction. 
4.2.4 Dbh-number of annual rings relationship 
The regression equation expressing the relationship of dbh to ring number for 
the red spruce population in stand I is 
dbh = 0.1874 x ring number r 2 = 0.9076 
and the equation for red spruce population in stand II is 
dbh = 0.1756 x ring number r 2 = 0.8865. 
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Table 4.6: Effect of direction of core extraction on annual increment of radial growth 
Average annual increment of radial growth (mm) 
Parallel to Perpendicular 
the contour to the contour Pr>F 
All trees 0.858 > 0.824 0.0001 
Stand I 0.875 > 0.839 0.0001 
Stand II 0.836 > 0.805 0.0005 
Non canopy 0.552 > 0.511 0.0001 
Canopy 1.056 > 1.023 0.0001 
Note: ">" = significantly greater than . 
4.3 Growth patterns of the red spruce popula-
tions 
4.3.1 Growth pattern using a growth threshold of 0.45 mm 
Average, minimum and maximum values of the four parameters in suppression 
and release periods using a threshold of 0.45 are listed in Table 4. 7. The red spruce 
population experienced an average of 2.07 suppression periods which averaged 18.6 
years duration. The average a.i.r.g. in suppression periods is 0.267 mm and the 
average c.a.i.r.g. of suppression periods is 4.98 mm. Ten percent of the red spruce 
trees experienced no suppression period (from breast height up). 
No average values of the parameters in stand I are significantly different from 
those in stand II except for the average duration of release periods (Table 4.8). 
4.3.2 Growth pattern using a growth threshold of 0.20 mm 
(severe suppression) 
Average, minimum and maximum values of the parameters in suppression and 
release periods using a threshold of 0.20 are listed in Table 4.9. On the average, red 
spruce trees experienced only 0.86 severe suppression periods, but some trees expe-
rienced as many as five. The average duration of such severe suppression periods is 
14.7 years. 
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Table 4.7: Growth pattern of the red spruce population using a growth threshold 
of 0.45 mm 
Parameter Stand Suppression periods Release periods 
~~~~~~~~~~----~~--~--
Mean Min Max Mean Min Max 
Number of I & II 2.07 0 7 2.74 1 7 
periods I 1.90 0 5 2.66 1 5 
II 2.27 0 7 2.84 1 7 
Duration I & II 18.6 4 82 67.9 3 268 
of period I 20.7 4 64 74.6 3 268 
(yr) II 16.6 4 82 60.7 3 212 
A.i.r.g. I & II 0.267 0.019 0.786 1.199 0.072 5.944 
in period I 0.259 0.019 0.786 1.200 0.164 4.890 
(mm) II 0.278 0.039 0.756 1.198 0.072 5.944 
C.a.i.r.g. I & II 4.98 0.78 18.99 81.40 1.42 331.85 
of period I 5.36 1.27 15.47 89.49 1.43 314.20 
(mm) II 4.61 0.78 18.99 72.78 1.42 331.85 
Note: "a .i.r.g." = annual increment of radial growth; and "c .a.i .r.g." = cumulative a.i.r.g .. 
Table 4.8: Comparison of growth patterns in two stands (threshold=0.45mm) 
Parameter Suppression periods Release periods 
Stand I Stand II Pr>F Stand I Stand II Pr> F 
Number 1.90 2.27 0.2587 2.66 ,...., 2.84 0.5544 
Duration (yr) 20.7 ,...., 16.6 0.5801 74.6 > 60.7 0.0304 
A.i.r.g. (mm) 0.259 ,...., 0.278 0.3348 1.200 ,...., 1.198 0.8571 
C.a.i.r.g. (mm) 5.36 ,...., 4.61 0.9402 89.49 ,...., 72.78 0.0508 
Note: "a.i.r.g." = annual increment of radial growth; "c.a. i.r .g." = cumulative a.i.r.g.; ""'" = not 
significantly different; and ">" = significantly greater than . 
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Table 4.9: Growth pattern of the red spruce population using a growth threshold 
of 0.20 mm 
Parameter Stand Suppression periods Release periods 
Mean Min Max Mean Min Max 
Number of I & II 0.00 0 5 1.82 1 6 
periods I 0.86 0 3 1.84 1 4 
II 0.86 0 5 1.80 1 6 
Duration I & II 14.7 4 40 116.6 3 327 
of period I 16.7 5 40 121.2 3 327 
(yr) II 12.5 4 34 111.2 3 262 
A.i.r.g. I & II 0.124 0.019 0.489 1.095 0.046 5.944 
in period I 0.1 23 0.019 0.394 1.105 0.054 4.890 
(mm) II 0.125 0.039 0.489 1.082 0.046 5.944 
C.a.i.r.g. I & II 1.82 0.51 4.51 127.61 0.87 346.11 
of period I 2.06 0.66 4.51 133.91 1.04 346.11 
(mm) II 1.56 0.51 3.67 120.28 0.87 331.85 
Note: "a.i.r.g." = annual increment of radial growth ; and "c.a.i.r .g ." = cumulative a .i.r .g .. 
No average values of the parameters in stand I are significantly different from 
those in stand II except for the average a.i.r.g. of release periods (Table 4.10). 
4.4 Comparison of the growth patterns of canopy 
and noncanopy populations 
4.4.1 Adjusted canopy and noncanopy data 
Adjusted canopy data set 
The portion of the canopy tree ring series with a c.a.i.r.g. greater than 73 mm, 
the average c.a.i.r.g. of the noncanopy trees, was excluded from the canopy data 
set. 
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Table 4.10: Comparison of growth patterns in two stands (threshold=0.20mm) 
Parameter Suppression periods Release periods 
Stand I Stand II Pr> F Stand I Stand II Pr> F 
Number 0.86 "' 0.86 0.9869 1.84 1.80 0.8375 
Duration (yr) 16.7 "' 12.5 0.7987 121.2 ,....., 111.2 0.3893 
A.i.r.g. (mm) 0.123 ,....., 0.125 0.9599 1.105 > 1.082 0.0131 
C.a..i.r.g. (mm) 2.06 ,....., 1.56 0.9807 133.91 ,....., 120.28 0.3501 
Note: "a. i.r.g." =annual increment of radial growth; "c.a. i.r.g." = cumulative a.i.r.g.; "..._," =not 
significantly different ; and ">" = significantly greater than . 
Adjusted noncanopy data set 
According to the accepted 44% mortality (see section 3.4.1) which occurs during 
the period that spruce trees grow from the average dbh of the noncanopy population 
to the average dbh of the canopy population, 13 noncanopy tree ring series in stand 
I and 9 noncanopy tree ring series in stand II with the highest suppression index 
values were excluded from the noncanopy data set. 
4.4.2 Comparison of growth patterns based upon adjusted 
data 
The number of suppression periods of the noncanopy population is significantly 
greater than that of the canopy population in all cases (every threshold and every 
stand) except in stand I when using the threshold value 0.20. There is no significant 
difference between the duration, a.i.r.g. and c.a.i.r.g. of suppression periods of 
noncanopy population and those of canopy population in any case (Tables 4.11 and 
4.12). 
The a.i.r .g. of release periods of non canopy populations is significantly greater 
than that of canopy populations. The number and duration of release periods of the 
noncanopy populations are greater than, or similar to, those of canopy populations. 
The c.a.i.r.g. of release periods of noncanopy populations is less than or similar to 
that of canopy populations (Tables 4.11 and 4.12). 
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Table 4.11: Comparison of growth patterns of adjusted noncanopy and canopy 
populations using a growth threshold of 0.45 mm 
Parameter Stand Suppression periods Release periods 
Noncnp. Canopy Pr>F Noncnp. Canopy Pr>F 
Number of I & II 2.09 > 1.06 0.0001 2.43 > 1.89 0.0030 
periods stand I 1.75 > 1.12 0.0161 2.25 "" 1.92 0.1890 
stand II 2.54 > 1.00 0.0001 2.67 > 1.86 0.0048 
Duration I & II 23.2 "" 24.0 0.6873 30.5 rv 30.8 0.8651 
of period I 22.0 rv 23.5 0.6853 29.5 rv 31.0 0.5834 
(yr) II 24.3 rv 24.7 0.8648 31.7 "" 30.6 0.7786 
A.i.r.g. I & II 0.238 rv 0.248 0.4771 0.921 < 1.129 0.0 
in period I 0.236 "" 0.239 0.9139 0.946 < 1.109 0.0001 
(mm) II 0.240 rv 0.258 0.3727 0.895 < 1.154 0.0 
C.a.i.r.g. I & II 5.52 rv 5.94 0.8525 28.12 < 34.82 0.0022 
of period I 5.19 "" 5.62 0.9048 27.91 < 34.35 0.0273 
(mm) II 5.83 rv 6.36 0.8863 28.36 < 35.36 0.0332 
Note: "a.i.r .g." ::: annual increment of radial growth ; "c.a.i .r .g." = cumulative a.i.r.g .; "....," = not 
significantly different; ">" ::: significantly greater than , and "<" = significantly less than. 
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Table 4.12: Comparison of growth patterns of adjusted noncanopy and canopy 
populations using a growth threshold of 0.20 mm 
Parameter Stand Suppression periods Release periods 
Noncnp. Canopy Pr>F Noncnp. Canopy Pr>F 
Number of I & II 1.18 > 0.68 0.0018 1.98 > 1.65 0.0352 
periods I 1.03 f'V 0.66 0.0904 1.94 f'V 1.62 0.1366 
II 1.38 > 0.70 0.0068 2.04 f'V 1.68 0.1323 
Duration ·I & II 11.8 15.8 0.4090 60.1 > 44.2 0.0001 
of period I 10.7 f'V 17.8 0.3026 58.9 > 45.7 0.0024 
(yr) II 13.0 f'V 13.6 0.8835 60.6 > 42.6 0.0002 
A.i.r.g. I & II 0.129 f'V 0.120 0.7093 0.709 < 0.972 0.0 
in period I 0.134 f'V 0.119 0.6768 0.718 < 0.957 0.0 
(mm) II 0.125 f'V 0.121 0.9087 0.698 < 0.991 0.0 
C.a.i.r.g. I & II 1.52 f'V 1.89 0.9333 42.60 f'V 43.01 0.9738 
of period I 1.44 f'V 2.13 0.9121 42.30 f'V 43.76 0.8386 
(mm) II 1.62 1.64 0.9927 42.99 42.19 0.8868 
Note: "a.i.r .g." = annual increment of radial growth; "c.a.i.r.g." = cumulative a.i.r.g.; " .... .,>' = not 




5 .1 Growt h patterns of re d spruce populations 
Previous authors [18] have postulated that multiple release events may often 
be required for red spruce to reach the canopy. Results of this study support that 
speculation. Only 10% of the red spruce trees reach the canopy in a single period 
of release from breast height. 
A previous study indicated that the rotation time of small gaps was 100 years 
and the recovery time of small gaps was 50 years in the Great Smoky Mountains [18]. 
The closed canopy therefore should last about 50 years on the average. However, 
the average duration of the suppression period, 18.6 years, is much shorter. This 
suggests that a canopy gap directly overhead is not necessary for the release of 
noncanopy trees. Apparently, noncanopy trees are responsing to light from small 
openings created by limb fall , or to light from nearby gaps. 
As expected, when using the lower growth threshold (0.20), there are fewer 
suppression periods. Contrary to expectation, the average duration of severe sup-
pression periods does not differ greatly from that using a threshold of 0.45 (Tables 
4.11 and 4.12). Severe suppression periods may account for nearly half of the total 
suppression periods in situations where noncanopy trees are suppressed by a dense 
spruce canopy. 
5.2 Comparison of growth patterns of canopy and 
noncanopy populations 
The duration, a.i.r.g. and c.a.i.r.g. of suppression periods of the noncanopy pop-
ulation are similar to those of the canopy population, but the noncanopy population 
has many more suppression periods than the canopy population. Also, trees in the 
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noncanopy population grow slower in release periods than trees in the canopy popu-
lation. These two facts suggest that growth suppression is greater in the noncanopy 
population. 
Furthermore, the estimated level of suppression for the noncanopy population 
is probably lower than the actual level. All trees which are lost from noncanopy 
population due to mortality will not necessarily be those which have experienced 
the most growth suppression. Trees which have experienced greatest suppression 
have as good a chance as others to benefit from a big canopy gap in the near future. 
And when released, they may have a greater response to release than trees which 
previously experienced less suppression [10]. Another source of the mortality may 
be the loss of saplings during treefall [18]. The probability of mortality from this 
source is independent of the suppression history. 
Differences between the contemporary growth pattern of the noncanopy popula-
tion and the historical one of the canopy population should result from differences 
in environment in different periods of time, which include differences in climate and 
the differences in other environmental aspects. 
5.3 Tree growth 
Values of the coefficients in the regression equations expressing the relationship 
of dbh to n.a.r.b.h. for the red spruce populations in stands I and II are similar 
to, and in between, the values of the coefficients in Oosting's [12] and Busing's [2] 
regression equations for red spruce populations. 
The difference between the values of the regression coefficients for stand I and 
II indicates that trees of the same dbh tend to be older in stand II than in stand 
I. This agrees with results in Table 4.5 which indicate that on the average, trees in 
stand I grow faster than trees in stand II. One important reason for this difference 
in growth rate may be that trees in stand I on the south facing slope get much more 
sun light than trees in stand II on the north facing slope. This effect is especially 
pronounced among noncanopy trees (Table 4.4). 
Results indicate that radial growth in the direction perpendicular to the wntour 
(uphill side) is faster than that in directions parallel to the contour. Of many 
possible hypotheses for this observation, two are offered for concideration. First, 
trees growing on a slope bear a downhill force as a component of the force of gravity. 
If more of the root systems persist in the direction perpendicular to the contour 
against the downhill force, tree trunks on these radii may grow faster. Second, in 
competition for light, there may be an advantage for trees growing on a slope to 
retain more of their crown on down hill side. This may cause an uneven distribution 
of weight. If trees grow faster and consequently have more weight on the uphill side 
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of their trunks , this may balance the uneven distribution of weight. 
5.4 Recommendations for future studies 
• Cross-date the tree ring series and develop chronologies for each stand. 
• With the cross-dated data, try to separate climatic factors from other envi-
ronmental factors. This will improve our ability to compare growth patterns 
of noncanopy and canopy populations. 
• Use this tree ring data. and f11.0re data on population structure of red spruce in 
the two stands to develop matrix population models for the two stands. These 
models will be used to compare the long-term and short-term behaviors of the 




• The red spruce population experienced an average of 2.07 suppression periods 
(with threshold 0.45) which averaged 18.6 years duration. The average a.i.r.g. 
in suppression periods is 0.267 mm and the average c.a.i.r.g. of suppression 
periods is 4.98 mm. 
On the average, the red spruce population only experienced 0.86 severe sup-
pression periods (with threshold 0.20) , but the average duration of such severe 
suppression periods is as long as 14.7 years. 
• The growth pattern of the red spruce population in stand I on a. south facing 
slope is not significantly different from that in stand II on a. north facing slope. 
• There are more suppression periods in the growth pattern of the nonca.nopy 
population than that of the canopy population. 
Trees in nonca.nopy population grow slower in release periods than trees in 
canopy population. 
• Trees grow faster in the direction perpendicular to the contour (uphill side) 
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